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Centrifugal spread of the prion agent to peripheral tissues is postulated to occur by axonal transport along nerve
fibers. This study investigated the distribution of the pathological isoform of the protein (PrP5°) in the tongues and
nasal cavities of hamsters following intracerebral inoculation of the HY strain of the transmissible mink enceph-
alopathy (TME) agent. We report that PrP5¢ deposition was found in the lamina propria, taste buds, and
stratified squamous epithelium of fungiform papillae in the tongue, as well as in skeletal muscle cells. Using
laser scanning confocal microscopy, PrPS® was localized to nerve fibers in each of these structures in the
tongue, neuroepithelial taste cells of the taste bud, and, possibly, epithelial cells. This PrPS¢ distribution was
consistent with a spread of HY TME agent along both somatosensory and gustatory cranial nerves to the
tongue and suggests subsequent synaptic spread to taste cells and epithelial cells via peripheral synapses. In
the nasal cavity, PrPS¢ accumulation was found in the olfactory and vomeronasal epithelium, where its location
was consistent with a distribution in cell bodies and apical dendrites of the sensory neurons. Prion spread to
these sites is consistent with transport via the olfactory nerve fibers that descend from the olfactory bulb. Our
data suggest that epithelial cells, neuroepithelial taste cells, or olfactory sensory neurons at chemosensory
mucosal surfaces, which undergo normal turnover, infected with the prion agent could be shed and play a role
in the horizontal transmission of animal prion diseases.

The lymphoreticular and nervous systems are pathways for
prion agent replication and transport to the brain. Oral ingestion
of the prion agent leads to deposition of the disease-specific
isoform of the prion protein (PrPS) in the alimentary and gut-
associated lymphoid tissue as well as the enteric nervous system
of sheep and cervids (1, 27, 54). Spread of the prion agent to
the spinal cord and brain stem occurs via transport by the
sympathetic and parasympathetic divisions of the autonomic
nervous system (6, 7, 34, 53). Additional spread of the prion
agent within the lymphoreticular system (LRS) leads to prion
infection of secondary lymphoid organs throughout the host.
The LRS has long been known to be a site of prion agent
replication and a pathway to infection of the nervous system,
but studies of experimental rodent models have established
that LRS infection is not always required for neuroinvasion
from peripheral sites (33, 43). One study has demonstrated
that prion infection of densely innervated peripheral tissues
could result in direct prion neuroinvasion (4).

The pathways involved in the centripetal spread of the prion
agent following oral ingestion have been well defined, but less
is known about centrifugal spread of the prion agent in patho-
genesis. Dissemination of the prion agent from the brain and
spinal cord to peripheral tissues is postulated to be due to
anterograde transport of PrPS¢ along nerve fibers. Studies in-
vestigating transport of the cellular prion protein (PrP€) in
central and peripheral axons demonstrate both anterograde
and retrograde axonal transport (10, 38); a similar mechanism
may explain PrPS¢ transport in prion diseases. Evidence for
centripetal and centrifugal transport of the Creutzfeldt-Jakob
disease (CJD) agent along the optic nerve is provided by cases
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of iatrogenic CJD that have been linked to corneal transplants
(16, 26). In the recipient host the prion agent spreads from the
transplanted cornea to the brain, while in the donor the host
agent likely spreads centrifugally from the brain to the cornea.
Demonstration of the prion agent in the retina (24, 50), tri-
geminal ganglion (21, 52), and facial nerve (12) in human or
animal prion diseases also supports the hypothesis that the
prion agent can spread away from the brain via several distinct
cranial nerves, assuming that oral ingestion of the prion agent
results in centripetal spread to the central nervous system in
these hosts. In sheep with natural scrapie, the presence of
PrP%° in muscle spindles of the tongue (3) is suggestive of
centrifugal spread of the scrapie agent along the trigeminal
nerve to these sensory spindles. Previous studies of experimen-
tal prion infection of hamsters demonstrate spread of the prion
agent to skeletal muscles in the tongue and other areas after
oral and intracerebral inoculation (5, 49). These findings sup-
port the hypothesis that the prion agent can undergo antero-
grade transport along the hypoglossal nerve to skeletal muscles
in the tongue. This view is further supported by colocalization
of PrP5° to nerve fibers and the neuromuscular junction in the
tongues of hamsters infected with the HY strain of the trans-
missible mink encephalopathy (TME) agent (39), suggesting
that the prion agent can spread across the neuromuscular
junction in order to establish infection in muscle.
Transmission of animal prion diseases is by both vertical and
horizontal routes, but the source(s) of prion infectivity in hor-
izontal spread has not been firmly established. Vertical trans-
mission of the scrapie agent in sheep has been postulated to be
due to postpartum contamination with scrapie-infected pla-
centa (2, 42), but additional studies indicate a low level of
prion infectivity in blood (29), which may imply a role for in
utero transmission of scrapie. Horizontal prion transmission in
sheep and cervids is less likely to involve blood-borne routes,
although prion-infected placental tissues or blood shed into



VoL. 80, 2006

PRION INFECTION OF CHEMOSENSORY CELLS 4547

TABLE 1. Primary antibodies and their specificity used to investigate HY TME infection by laser scanning confocal microscopy

Antibody target Class (dilution) Antibody specificity in tongue Source (location) Reference(s)
Prion protein Monoclonal 3F4 (1/400)  Prion protein with 3F4 epitope Gift from Victoria Lawson 32
a-Gustducin Polyclonal (1/200) Type II taste cells Santa Cruz Biotechnology 11, 63

(Santa Cruz, CA)
Synaptobrevin-2  Polyclonal (1/200) Type II and III taste cells; intragemmal ~ Wako Chemicals (Richmond, VA) 62
and subgemmal nerve fibers
SNAP-25 Polyclonal (1/200) Type III taste cells; some intragemmal Calbiochem (San Diego, CA) 61
nerve fibers
Protein gene Polyclonal (1/2,000) Neuronal cell bodies and axons in CNS  Biogenesis (Brentwood, NH) 30, 64
product 9.5 and periphery; some type II and III
taste cells
Protein gene Monoclonal (1/400) Neuronal cell bodies and axons in CNS  Biogenesis (Brentwood, NH) 60
product 9.5 and periphery; some type II and III
taste cells
Cytokeratin Polyclonal (1/800) Keratins in all epithelial layers; Dako Cytomation (Carpinteria, CA) 46

neuroepithelial cells

pasture could account for environmental contamination. Stud-
ies investigating environmental sources of prion transmission
in chronic wasting disease (CWD) indicate that paddocks con-
taminated by excreta from CWD-positive mule deer or decom-
posed carcasses of mule deer naturally infected with CWD can
transmit CWD infection to sentinel deer (36). The high prev-
alence of CWD (e.g., >15%) in areas of endemicity in Colo-
rado and Wyoming and the high penetrance of CWD (~90%)
in cervid research stations suggest that this disease can be
efficiently transmitted between susceptible hosts (35, 59). To
date, prion infectivity has not been described in saliva, nasal
secretions, respiratory aerosols, urine, or feces in naturally
occurring prion infections. However, prion excretion in urine
has recently been demonstrated in studies using prion-infected
transgenic mice with chronic lymphocytic inflammation of the
kidney (47). These findings indicate that superimposed disease
processes may alter the sites of PrP5¢ accumulation to tissues
not previously known to harbor PrPSe,

In the current study we investigated the centrifugal spread of
the prion agent to the oral and nasal mucosae of hamsters in
order to examine potential sites of prion agent shedding from
epithelial surfaces. Hamsters were intracerebrally inoculated
with the HY TME agent, and the location of PrP5¢ was inves-
tigated in the tongue and nasal cavity. Laser scanning confocal
microscopy revealed that PrPS° was found in nerve fibers, taste
cells, and the stratified squamous epithelium in fungiform pa-
pillac of HY TME-infected hamsters. PrPS deposition was
also identified in the olfactory and vomeronasal sensory epi-
thelia, and its distribution was consistent with HY TME infec-
tion of sensory neurons. These findings indicate that the HY
TME agent can undergo centrifugal spread to the oral and
nasal mucosa via gustatory, somatosensory, or olfactory nerve
fibers and subsequently spread to neuroepithelial or epithelial
cells via peripheral synapses. This study suggests that horizon-
tal prion transmission of scrapie and CWD could be linked to
the continual turnover and/or shedding of prion-infected taste
cells, epithelial cells, or olfactory sensory neurons into mucus
or saliva.

MATERIALS AND METHODS

Animal inoculations and tissue collection. All procedures involving animals
were approved by the Montana State University Animal Care and Use Commit-

tee and were in compliance with the Guide for the Care and Use of Laboratory
Animals. Weanling Syrian golden hamsters (Charles River Laboratories, Boston,
MA) were intracerebrally inoculated with 50 pl of a brain homogenate from a
normal hamster (i.e., mock infected) or a TME-infected hamster containing 107
intracerebral median lethal doses per milliliter of the HY TME agent as previ-
ously described (8, 9). Following inoculation with the HY TME agent, hamsters
were observed three times per week for the onset of clinical symptoms, which
include hyperexcitability, head tremors, and ataxia. Animals were euthanized in
the early stages of clinical disease.

PrPS5¢ immunohistochemistry. For PrPS¢ analysis, tongue, brain, and skulls
containing the nasal cavity were collected and PrPS¢ immunohistochemistry
(IHC) was performed as previously described (5). Briefly, animals were intra-
cardially perfused with paraformaldehyde-lysine-periodate fixative followed by
immersion fixation in the same fixative for 5 h, except skulls, which were immer-
sion fixed for 24 h. Following immersion fixation, tongues were cut midsagittally
for processing and embedding. The nasal cavity was cut into anterior, mid-
turbinate, and posterior cross sections prior to embedding. All soft tissue was
removed from the skulls, and they were immersed in a 10% EDTA-tetrasodium
solution until they were decalcified. Following dehydration, tissues were embed-
ded in paraffin and cut into 5-pm-thick sections. Tissues from a minimum of
three animals per group were analyzed. A minimum of 40 sections throughout
the thickness of the tissue was examined per animal. All tissue sections were
subjected to antigen retrieval by treatment with formic acid (99%, wt/vol) for 10
min, followed by 6 M guanidine thiocyanate for 10 min. Tissue sections were
successively incubated with anti-PrP monoclonal 3F4 antibody (Table 1) over-
night at 4°C, and then incubated with horse anti-mouse biotinylated secondary
antibody (1:400; Vector Laboratories, Burlingame, CA) at room temperature for
30 min, followed by streptavidin-horseradish peroxidase (1:500; Biosource Inter-
national, Camarillo, CA) at room temperature for 20 min. PrPS was visualized
with 3-amino-9-ethylcarbazole in 50 mM sodium acetate with H,O, added to a
final concentration of 0.012%. Tissue sections were mounted with Aquamount
(Lerner Laboratories, Pittsburgh, PA) and placed under coverslips for viewing
with a Nikon Eclipse E600 bright-field microscope. Controls for PrPS® THC
included the use of mock-infected tissues and substitution of a murine immuno-
globulin G (IgG) isotype control for the primary anti-PrP 3F4 monoclonal
antibody.

PrPS¢ dual immunofluorescence. PrP5¢ immunofluorescence staining was
combined with immunofluorescence for the cell-type-specific markers PGP 9.5,
SNAP-25, a-gustducin, synaptobrevin-2, and cytokeratin (Table 1). For the PrPS°
dual-immunofluorescence procedure, the streptavidin-horseradish peroxidase in
the incubation step in PrPS¢ IHC was replaced with Alexa Fluor 488 streptavidin
conjugate (Molecular Probes, Portland, OR) at a 1:400 dilution. The rabbit
polyclonal antibodies to cell-type-specific markers were visualized by incubation
with goat anti-rabbit Alexa Fluor 568 antibody (1:200; Molecular Probes, Port-
land, OR). The nuclear counterstain ToPro-3 (Molecular Probes, Portland, OR)
was applied to some tissue sections at a concentration of 0.25 uM for 10 min.
Controls for immunofluorescence included mock-infected tissues and replace-
ment of the primary antibodies with an IgG isotype control. Tissue sections were
placed under coverslips with Mowiol mounting medium (51). Tissues from a
minimum of three HY TME-infected animals and three mock-infected animals
were examined. A minimum of 50 sections throughout the thickness of the tissue
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was examined for each tongue per cell-type-specific immunofluorescence exper-
iment. For each cell-type-specific and PrPS¢ dual-immunofluorescence study, a
minimum of 32 fungiform papillae were analyzed from HY TME-infected ham-
sters.

Confocal laser scanning microscopy. Images were visualized using a Zeiss
LSM 510 Meta confocal system equipped with a Zeiss Plan-Apochromat 63X,
1.40-NA oil objective. Double immunofluorescence was imaged after excitation
of the Alexa Fluor 488 with an argon laser at a wavelength of 488 nm and
excitation of Alexa Fluor 568 with a helium-neon laser at a wavelength of 543
nm. Images were scanned sequentially to minimize cross talk between channels,
and each line was scanned four times and averaged to increase the signal-to-noise
ratio. The pinhole aperture was adjusted so that each channel had an optical slice
of 0.8 pum. The channels could then be combined into a single image for quan-
titative analysis.

Deconvolution of confocal images. Deconvolution was performed using Huy-
gens Essential software (version 2.7; Scientific Volume Imaging, Hilversum, The
Netherlands). The point spread function of the Zeiss LSM 510 Meta confocal
microscope was measured using images of fluorescent latex beads (diameter, 175
nm) captured at the same image parameters as the images for analysis. Multiple
bead images were averaged, and this average was utilized as the point spread
function for deconvolution. Using the cropping tool, the region of interest (e.g.,
taste bud, lamina propria, stratified squamous epithelium) within the image was
chosen for deconvolution. A maximum likelihood estimation algorithm was ap-
plied to deconvolve the confocal images. Signal-to-noise ratio was determined as
the maximum intensity over average background, which was estimated by the soft-
ware for a three-dimensional region with the lowest average value in the image. For
each dual-immunofluorescence experiment, a minimum of 10 image stacks from
three hamsters that were captured at 0.25-pum intervals through the z axis of the
tissue were analyzed.

Colocalization analysis of confocal images. Deconvolved images were evalu-
ated for colocalization using the Colocalization Analyzer tool of the Huygens
Essential software, which provides information about the amount of spatial
overlap between structures in different data channels. Colocalization coefficients
were generated by the analyzer module, including the Manders overlap coeffi-
cient (MOC) and M1 and M2 coefficients. The MOC indicates the overlap of
signals in image pairs and is insensitive to differences in signal intensities between
two channels, photobleaching, or amplifier settings. It has a value range of 0 to
1, with a value of 0 indicating no colocalization and a value of 1 indicating that
all pixels in both channels colocalize. An additional analysis was performed on
HY TME-infected tissues by division of the MOC into two different subcoeffi-
cients, termed M1 and M2. These coefficients are calculated for pixel intensity
ranges defined by an area of interest in the image and are insensitive to differ-
ences in signal intensities. The coefficient M1 is used to describe the contribution
of channel 1 (i.e., cellular marker immunofluorescence) to the colocalized area,
while M2 is used to describe the contribution of channel 2 (i.e., PrPS¢ immuno-
fluorescence) to the colocalized area.

Statistical analysis. The average MOC:s of the confocal images generated from
the HY TME-infected tissues were compared to the average MOCs of the images
generated from mock-infected tissues to evaluate the probability (P value) that the
colocalization observed in the experimental samples was greater than would be
expected by chance. Statistical comparisons of MOCs were performed using
Student’s ¢ test for data sets passing the normality test or the Mann-Whitney rank
sum test for data sets failing the normality test on SigmaStat software (version
3.0; SYSTAT Software, Inc., Richmond, CA). A P value of <0.05 was considered
to be statistically significant, and M2 values for HY TME were reported only
when a statistical difference was found between results for mock- and HY
TME-infected tissues.

RESULTS

To investigate the centrifugal spread of the prion agent to
mucosal tissue, the cellular location of PrPS° was examined in
the tongues of hamsters that were intracerebrally (i.c.) inocu-
lated with the HY TME agent. PrPS° THC in the tongues of
clinically ill hamsters revealed PrPS¢ deposition in three spe-
cific regions: fungiform papillae that are widely distributed on
the dorsal surface of the rostral tongue, skeletal muscle cells,
and nerve fibers (Fig. 1). Eighty percent of the fungiform papillae
(n = 49) had evidence of PrP%° deposits, and these were found
in the lamina propria, taste bud, or stratified squamous epi-
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thelium (SSE). The majority of PrPS¢ accumulation in the
fungiform papillae was observed in the lamina propria, which
contains sensory nerve fibers that innervate the taste cells and
surrounding epithelium. PrP%¢ immunostaining was identified
in discrete nerve fascicles in the lamina propria directly be-
neath the taste bud, both in longitudinal and cross-sectional
orientations. Punctate PrPS® immunostaining was also present
within the taste bud at both apical and basal locations (Fig. 1D)
and in the SSE that is located lateral and apical to the taste bud
(Fig. 1B, arrowhead). Ninety-one percent of taste buds (n =
26) in fungiform papillae had evidence of PrP%¢ deposition
following i.c. inoculation with the HY TME agent. PrP5° ac-
cumulation was rarely present in the stratum corneum, al-
though punctate staining was often present at the apical por-
tion of the stratum granulosum. A distinct morphological
transition between the stratum corneum and stratum granulo-
sum was not always apparent. Fungiform papillae that did not
contain discernible taste buds also exhibited PrPS® immuno-
staining in the lamina propria and SSE. However, no PrP%°
deposition was observed in the SSE of filiform papillae (data
not shown), which are distributed over the entire dorsal surface
of the tongue and do not contain taste buds. Other sites of
PrPS¢ deposition in the tongue parenchyma included nerve
fascicles (Fig. 1E) and skeletal muscle cells (Fig. 1F). PrPs°
immunostaining was less frequent in skeletal muscle, and
PrPS¢-positive muscle cells were usually surrounded by PrPSc-
negative muscle cells. No PrPS¢ immunostaining was observed
in the tongues of mock-infected hamsters (Fig. 1C) or in HY
TME-infected tongue samples immunoreacted with mouse
IgG control antibody (data not shown).

To investigate HY TME infection in the peripheral nerves
of the hamster tongue, laser scanning confocal microscopy
(LSCM) was used to determine the spatial relationship of
PrP5¢ and nerve fibers in fungiform papillae following i.c. in-
oculation of the HY TME agent. The fungiform papillae re-
ceive specialized sensory innervation from the chorda tympani
branch of the facial nerve and somatosensory innervation from
the lingual nerve, which is a branch of the mandibular division
of the trigeminal nerve. Previous studies have demonstrated
that chorda tympani fibers innervate taste buds, while the lin-
gual fibers ascend to the SSE lateral to the taste buds in
fungiform papillae of hamsters (58). Immunofluorescence with
anti-protein gene product 9.5 antibody (PGP 9.5) (Table 1)
showed extensive innervation of the fungiform papillae in the
lamina propria, especially below the base of the taste bud, an
area referred to as the subgemmal plexus (Fig. 2A). PGP 9.5
immunofluorescence was also found at basal and apical lo-
cations in the taste bud, indicating the presence of nerve
fibers and type II or III taste cells, as these neuroepithelial
cells are also PGP 9.5 immunopositive (64). PGP 9.5-immu-
nopositive nerve fibers were observed ascending to the SSE
lateral to the taste bud (Fig. 2A). PrP5 immunofluorescence
on the same tissue sections demonstrated PrP5¢ deposition
in similar regions of the fungiform papillae, especially in the
taste bud (i.e., intragemmal) and in the subgemmal plexus,
with smaller amounts of PrP%¢ in the SSE (Fig. 2B). Colocal-
ization of PrPS¢ and PGP 9.5 by LSCM revealed extensive
areas of PrPS¢ overlap with PGP 9.5 in the lamina propria,
taste bud, and SSE, but there were also areas where no overlap
of the two markers was observed (Fig. 2C).
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FIG. 1. PrP% deposition in tongue following intracerebral inoculation of the HY TME agent. PrPS® immunohistochemistry in clinical HY
TME-infected (B, D, E, and F) and asymptomatic mock-infected (C) hamsters is shown. PrPS¢ (red punctate staining) deposits (B and D) were
present in taste bud, lamina propria, stratified squamous epithelium, and nerve fibers in the fungiform papillae of clinically ill hamsters but not
in tongues of mock-infected hamsters (C). In the tongue parenchyma, PrPS¢ deposits were present in nerve fascicles (E) and skeletal muscle (F).
Following PrPS¢ immunohistochemistry, tissue was counterstained with hematoxylin (B through F). The taste bud in the fungiform papilla is
outlined with a dashed line (A through D) based on morphology. A filled arrowhead (B) indicates PrPS¢ deposits in the stratified squamous
epithelium. Specific structures in fungiform papillae are identified in a hematoxylin-and-eosin-stained section (A). LP, lamina propria; N (in gray

lettering), nerve fiber in lamina propria. Bar, 25 pm.

A quantitative analysis of PrP¢ and PGP 9.5 colocalization
in fungiform papillae was performed on confocal images of
mock-infected and HY TME-infected tissues using Huygens
software deconvolution and colocalization analysis. A compar-
ison of MOCs between mock-infected and HY TME-infected
tissues showed a difference between animal groups (P < 0.001,
Mann-Whitney rank sum test) in colocalization of PrPS¢ and
PGP 9.5 in the lamina propria, taste bud, and SSE (Table 2).
The differences in colocalization between the mock- and HY
TME-infected groups demonstrate that the overlap observed is
not a random event, since PrP¢ is not found in mock-infected
tissue. The M1 and M2 coefficients, which indicate the relative
contributions of channel 1 (red; PGP 9.5) and channel 2
(green; PrP5°) fluorophores to the colocalized area, were also
calculated for each region in the HY TME-infected group. The
M2 colocalization coefficient is important to the current anal-
ysis since it represents the contribution of PrP%° to the colo-
calized area. The M2 values for the lamina propria and SSE
regions were 0.78 and 0.73, respectively (Table 2). Thus, 78%
and 73% of PrP%¢ colocalized with PGP 9.5 in these tissue
areas in HY TME-infected tongue. The taste bud region had

an M2 value of 0.36, indicating that 36% of the PrP5¢ seen in
this region was contained in either nerve fibers, type II taste
cells, or type III taste cells (Table 2). These studies revealed
that the fungiform papillae are densely innervated and that the
HY TME agent can spread to nerve fibers and/or neuroepi-
thelial cells in the lamina propria, taste bud, or SSE following
infection of the brain.

To determine the cellular location of PrPS° in taste buds of
fungiform papillae following i.c. inoculation of the HY TME
agent, LSCM was performed using three taste-cell-specific
markers: a-gustducin (type II taste cells), synaptobrevin-2
(type II and III taste cells), and SNAP-25 (type III taste cells)
(Table 1). LSCM for PrPS¢ and synaptobrevin-2 (Fig. 3B) re-
vealed a difference (P = 0.005, Student’s ¢ test) in MOCs
between mock-infected and HY TME-infected hamsters in the
taste bud region (Table 2). The M2 coefficient in HY TME-
infected taste buds indicated that 52% of the PrP° located
within the taste bud region overlapped with synaptobrevin-2-
labeled cells. Colocalization of PrP5¢ and a-gustducin, a
marker for type II taste cells, did not reveal overlap by LSCM
(Fig. 3A) or by MOC analysis (P = 0.29, Mann-Whitney rank



4550 DEeJOIA ET AL.

FIG. 2. Laser scanning confocal microscopy for PGP 9.5 and PrP%° in
the fungiform papillae of hamsters intracerebrally inoculated with the HY
TME agent. Immunofluorescence images for PGP 9.5 (A, red) and PrP%°
(B, green) on the same tissue section were merged to illustrate areas of
overlap (C, yellow). ToPro-3 (blue) was used as a nuclear counterstain.
During the clinical phase of TME disease, colocalization of PGP 9.5 and
PrPS¢ was found in the taste bud and lamina propria, with a lesser amount
in the stratified squamous epithelium. No PrPS¢ immunofluorescence was
found in the fungiform papillae of mock-infected hamsters following dual
immunofluorescence for PGP 9.5 and PrP*¢ (D). LP, lamina propria; TB,
taste bud. Bar, 20 wm. Images have an optical thickness of 0.8 wm.

sum test) in the taste buds of mock- and HY TME-infected
hamsters. Comparison of PrP5° colocalization with SNAP 25-
positive (type III) taste cells (Fig. 3C) between mock-infected
and HY TME-infected taste buds showed a difference in

J. VIROL.

MOC:s (P < 0.001, Student’s ¢ test) while the M2 coefficient in
the taste bud region of HY TME-infected hamsters indicated
that 44% of PrP5 in the taste bud overlapped with this type I11
taste cell marker (Table 2). The lack of PrPS¢ colocalization
with a-gustducin (type II taste cells) and the presence of co-
localization with both synaptobrevin-2 (type II and III taste
cells) and SNAP-25 (type III taste cells) suggested that PrPSc
was not found in type II taste cells but was present in type III
taste cells. It should be noted that both synaptobrevin-2 and
SNAP-25 are also found in some intragemmal nerve fibers (61,
62), and PrP5¢ colocalization with these markers could indicate
a distribution in nerve fibers, which is consistent with PrPS¢
colocalization with PGP 9.5 in the taste bud region (Fig. 2C
and Table 2). There was no colocalization of PrPS° and
SNAP-25 in the lamina propria of fungiform papillae, an area
that does not contain taste cells (Table 2). In summary, PrPS¢
deposits in the taste bud colocalized with markers for type III
taste cells but did not colocalize with markers for type II taste
cells; this finding could be important with respect to prion
agent spread if hamster type III taste cells synapse with gus-
tatory nerve fibers, as has been reported in the taste cells of the
rat (64).

To investigate the cellular location of PrP¢ in the SSE of the
hamster tongue following i.c. inoculation of the HY TME
agent, LSCM was performed on tissue incubated with an an-
tibody to cytokeratin, which is a marker for keratins that are
present in the SSE and taste cells. Cytokeratin immunofluo-
rescence revealed uniform staining of the stratum granulosum
and stratum corneum; the signal extended from the edge of the
lamina propria to the apical end of the papillae (Fig. 4A). PrP°
immunofluorescence on the same tissue sections revealed PrPs°
deposition in the SSE of fungiform papillae that was prominent
in the lateral apical regions (Fig. 4B). LSCM for both PrPS¢
and cytokeratin revealed that the majority of PrP5¢ in the SSE

TABLE 2. Colocalization of PrP¢ and cell-type-specific markers in
HY TME-infected hamster tongue

Average overlap coefficient

. HY TME
Antibody” Region” (MOCy* M2

Mock HY TME coefficient?
PGP 9.5 LP 0.017 = 0.008 0.147 = 0.023* 0.78
SNAP-25 LP 0.185 + 0.082 0.083 + 0.027 NA
Synaptobrevin-2 ~ LP 0.045 + 0.149 0.223 *+ 0.063* 0.65
PGP 9.5 TB 0.005 = 0.003 0.081 = 0.012* 0.36
SNAP-25 TB 0.022 = 0.008 0.097 = 0.013* 0.44
Synaptobrevin-2  TB 0.037 = 0.009 0.134 = 0.028* 0.52
a-Gustducin TB 0.049 + 0.015 0.033 = 0.012 NA
PGP 9.5 SSE  0.021 = 0.007 0.148 = 0.011* 0.73
SNAP-25 SSE  0.007 = 0.003 0.014 = 0.010 NA
Synaptobrevin-2 ~ SSE  0.068 = 0.020 0.131 = 0.025 NA
Cytokeratin SSE  0.031 = 0.007 0.077 *= 0.004* 0.95

“ Antibodies used in conjunction with anti-PrP monoclonal 3F4 antibody for
confocal microscopy studies.

® Confocal images were cropped to either the lamina propria (LP), taste bud
(TB), or stratified squamous epithelium (SSE) for colocalization analysis.

¢ Overlap coefficient after Manders * standard error of the mean, n = 10.
*, P = 0.005, using Student’s ¢ test or the Mann-Whitney rank sum test. A P value
of <0.05 indicated a significant difference between the mock- and HY TME-
infected groups.

@ Colocalization coefficient M2 indicates the percentage of PrPS¢ that overlaps
with the cell-type-specific marker in the region of analysis in HY TME-infected
hamster tongue. NA, not applicable since there was no statistical difference
between HY TME- and mock-infected groups.
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FIG. 3. Laser scanning confocal microscopy of taste buds in the fungiform papillae of hamsters intracerebrally inoculated with the HY TME
agent. All images are oriented with the apical end of the taste bud toward the bottom left quadrant. The dashed line delineates taste bud
boundaries. Dual immunofluorescence for PrPS° (A through C) labeled with Alexa Fluor 488 (green) and either a-gustducin (A), synaptobrevin-2
(B), or SNAP-25 (C), which were visualized using an anti-rabbit Alexa Fluor 568-conjugated antibody (red) on the same tissues. ToPro-3 (blue)
was used as a nuclear counterstain. In taste cells, colocalization (yellow) of PrPS¢ and synaptobrevin-2 (B) or SNAP-25 (C) was observed, but no
colocalization was seen in a-gustducin-positive taste cells (A) during the clinical phase of TME disease. Synaptobrevin-2 and SNAP-25 can also
identify intragemmal and perigemmal nerve fibers, and colocalization with PrPS¢ could be present in these fibers as well as in taste cells. Bar, 20

pm. Images have an optical thickness of 0.8 pm.

colocalized with cytokeratin (Fig. 4C). Deconvolution and sta-
tistical analysis indicated that the MOCs for cytokeratin and
PrP5¢ in mock-infected and HY TME-infected tongue samples
were different (P < 0.001, Student’s ¢ test) (Table 2), and the
M2 coefficient in the SSE of HY TME-infected hamsters in-
dicated that 95% of the PrPS¢ in the SSE overlapped with
cytokeratin-positive cells. The colocalization analyzer tool of
the Huygens Essential software allowed visualization of colo-
calized areas within the tissue following deconvolution. Re-
gions within the image in which the degree of colocalization
exceeded a threshold became objects, and these colocalized
objects appeared yellow, while the noncolocalized areas ap-
peared as shades of gray. Punctate yellow deposits were
present in the apical region of the stratum granulosum of HY
TME-infected fungiform papillae (Fig. 4D). No colocalization
of PrP%¢ with SNAP-25 or synaptobrevin-2 was found in the
SSE (Table 2).

Our earlier results revealed that 73% of the PrPS° located in
the SSE of fungiform papillae was colocalized with PGP 9.5-
positive nerve fibers (Fig. 2C and Table 2); therefore, it is
difficult to reconcile our findings that 95% of PrP*¢ in the SSE
also colocalized with cytokeratin. Since cytokeratin immuno-
fluorescence was uniformly distributed throughout the SSE
(Fig. 4A) and PGP 9.5 had a more focal pattern in the SSE
(Fig. 2A), an additional colocalization experiment was per-
formed in order to determine if LSCM could discriminate
between nerve fibers and cytokeratin-positive cells in the SSE.
LSCM was initially used to demonstrate that a monoclonal
anti-PGP 9.5 antibody and a polyclonal anti-PGP 9.5 antibody
labeled the same structures in the SSE (M2 = 0.99; data not
shown). LSCM for PGP 9.5 and cytokeratin in the SSE of
fungiform papillae revealed that 99% of the PGP 9.5 colocal-
ized with cytokeratin. This finding suggested that LSCM was
unable to discriminate nerve fibers and epithelial cells in the
SSE as distinct structures. Additional ultrastructural studies
will be necessary to determine the spatial relationship of this
PrP5° population with epithelial cells in the SSE.

The centrifugal spread of the prion agent was also investi-
gated in the nasal cavity of hamsters that were i.c. inoculated
with the HY TME agent. At the clinical stage of disease, PrP5¢
immunostaining was prominent in the olfactory sensory epi-
thelium of the main nasal cavity, but was not found in the
respiratory epithelium (Fig. S5A). Olfactory and respiratory ep-
ithelia were distinguished based on their histological charac-
teristics in hematoxylin-and-eosin-stained sections and the
presence of PGP 9.5 immunostaining in the olfactory sensory
epithelium but not the respiratory epithelium (data not shown).
In the olfactory sensory epithelium, PrPS¢ was found in the cell
layers containing the olfactory sensory neurons and support
cells. The PrPS¢ deposition pattern in the nasal cavity appeared
to be in the dendritic knobs of olfactory sensory neurons and,
less frequently, within the dendrites between these nerve cell
bodies and their dendritic terminals (Fig. 5A). Within the nasal
septum, PrP5¢ immunostaining was present in the vomeronasal
organ, where it was found in the vomeronasal sensory epithe-
lium but not in the nonsensory epithelium (Fig. 5B). The PrP%°
deposition pattern in the vomeronasal sensory epithelium was
remarkably similar to that in the olfactory sensory epithelium; the
majority of the PrP5° was located in the epithelial cell layer con-
taining sensory neurons, as well as at the apical ends of the
dendrites, which form microvilli at the mucosal surface. In Fig.
5B, PrPS° immunostaining of the microvilli of vomeronasal sen-
sory neurons was clearly demarcated from ciliated nonsensory
epithelia, which do not exhibit PrPS¢ immunostaining. PrP5¢ de-
position was also found in the olfactory bulbs of hamsters that
were i.c. inoculated with the HY TME agent; however, PrP5¢
immunostaining in the olfactory nerves in the nasal cavity was
very infrequent (data not shown) compared to PrP¢ deposition in
nerve fascicles in the tongue (Fig. 1E). Mucosal epithelium in the
main nasal cavity or vomeronasal organ from mock-infected ham-
sters did not exhibit PrPS“-positive immunostaining (Fig. 5C).
Lastly, PrP5¢ deposits were also found in the nasal-associated
lymphoid tissue that has a subepithelial distribution in the nasal
cavity (Fig. 5D).
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A

FIG. 4. Laser scanning confocal microscopy for PrP* and cytokeratin
in fungiform papillae of hamsters intracerebrally inoculated with the HY
TME agent. Immunofluorescence images (optical thickness, 0.8 um) for
cytokeratin (A, red) and PrPS¢ (B, green) were merged in order to inves-
tigate areas of overlap (C, yellow). Colocalization of PrP5¢ and cytokeratin
was found in the stratified squamous epithelium during the clinical phase
of TME disease. Deconvolution and colocalization analysis of a z stack (i.e.,
a compiled stack of images acquired at 0.25-pm intervals through the thick-
ness of the tissue) through the area shown in panels A through C illustrates
only areas of colocalization (yellow) between cytokeratin and PrPS® (D). LP,
lamina propria. Bar, 20 pm.

DISCUSSION

In this study we demonstrate that PrPS¢ accumulates in the
taste buds of fungiform papillae in the tongue following intra-
cerebral inoculation, which is consistent with spread of the HY

J. VIROL.

TME agent from the brain stem to the tongue along sensory
nerve fibers (Fig. 6). In the taste bud, during the clinical phase
of disease, PrP5¢ colocalized with SNAP-25, a marker for type
IIT taste cells but did not localize with a-gustducin, a marker
for type II taste cells. Taste buds in fungiform papillae are
innervated by the chorda tympani branch of the facial nerve.
These gustatory nerve fibers have been shown to synapse with
type II and type III taste cells in murine tongue (18, 40), while
in the rat, only type III taste cells have been shown to synapse
with sensory nerve fibers (64). Our findings of PrPS° accumu-
lation in type III but not type II taste cells in hamsters would
be consistent with the innervation pattern of the rat if HY
TME infection of type III taste cells is dependent on synaptic
contact with the chorda tympani nerve. Antibodies to markers
for type I taste cells were not effective in the hamster tissue, so
we could not determine the status of HY TME infection in
these taste cells. Prion infection of taste buds has not been
previously described, but a loss of taste and smell was reported
to be a presenting symptom in a case of variant Creutzfeldt-
Jakob disease, suggesting involvement of the gustatory and
olfactory systems in prion-induced neurodegeneration (44). In
the brain stem, the rostral portion of the nucleus of the solitary
tract (NST) is involved in gustatory function; this nucleus is a
target for prion infection in scrapie in sheep (17, 31, 45), CWD
in deer (48), and bovine spongiform encephalopathy in cattle
(56, 57). Based on our findings that HY TME agent infection
in the brain stem can spread to taste buds via sensory nerves
that synapse in this nucleus, it will be necessary to investigate
whether the prion agent can also spread to the taste buds in
ruminants.

HY TME infection at time of clinical disease was also found
in nerve fibers throughout the tongue, including the lamina
propria and SSE of fungiform papillae. In the lamina propria,
LSCM analysis indicated that 78% of PrP5¢ was located in
nerve fibers, especially in the subgemmal plexus. This finding is
consistent with the spread of the HY TME agent to taste cells
along gustatory fibers of the tongue (Fig. 6). Prior studies have
reported prion agent infection in nerve fibers in the lamina
propria of fungiform papillae in experimental TME infection
(39) and in the fungiform and circumvallate papillae in sheep
with natural scrapie (14), which is consistent with centrifugal
spread via the chorda tympani branch of the facial nerve.

The current findings also demonstrated that 73% of PrP%°
deposition in the SSE of fungiform papillae was colocalized to
nerve fibers that were located perigemmal to taste buds as well
as extragemmal at the apical region of the SSE. This distribu-
tion of the HY TME agent is consistent with spread from the
brain stem to the SSE via somatosensory fibers of the lingual
branch of the mandibular division of the trigeminal nerve (Fig.
6). Prion infection of the trigeminal ganglion has been re-
ported in sheep with scrapie (52), cattle with bovine spongi-
form encephalopathy (55), and humans with vCJD (25), which
supports the hypothesis that centrifugal spread of the prion
agent in the trigeminal nerve could lead to prion infection in
somatosensory nerves of the SSE in humans or ruminants with
prion disease.

Colocalization of PrP5¢ and cytokeratin revealed extensive
overlap in the SSE of HY TME-infected hamsters. This was an
unexpected finding, since prion infection of epithelial cells in
vivo has not been described, although PrP¢ expression has
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FIG. 5. PrP5distribution in the nasal cavity following intracerebral
inoculation of the HY TME agent. Mock-infected (C) and clinical HY
TME-infected (A, B, and D) hamsters were analyzed for prion infec-
tion at time of clinical disease using PrPS¢ immunohistochemistry as
described in Materials and Methods. (A) PrP5¢ deposition was found
in the olfactory sensory epithelium (OSE) where it was associated with
the cell body layer, dendrites (open arrow), and dendritic terminals
(filled arrow). In the vomeronasal organ (B), PrPS¢ was present in the
vomeronasal sensory epithelium (VSE) but not the nonsensory epithe-
lium. There was a demarcation (filled arrowhead) between the PrPSc
deposits at the dendritic terminals near the mucosal surface of the
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been documented in the tongues of sheep (37) as well as the
squamous epithelium of the upper gastrointestinal tract and
skin of bovines (41). Although >95% of PrPS° colocalized with
the cytokeratin immunofluorescence signal in the SSE of HY
TME-infected hamsters, these results should be cautiously in-
terpreted for the following reasons. (i) Unlike PGP 9.5 immu-
nofluorescence in the SSE, where well-defined nerve fibers
were identified, cytokeratin immunofluorescence was uni-
formly distributed throughout the stratum granulosum and
stratum corneum. This produced an immunofluorescence pat-
tern in the SSE that was continuous from the edge of the
lamina propria to the apical keratin layer, except for an ab-
sence of immunofluorescence in nuclei. (ii) Approximately
three-quarters of PrP5¢ colocalized with the PGP 9.5 immuno-
fluorescence and with 95% of the cytokeratin immunofluores-
cence in the SSE. Although PrP5¢ analysis with each of these
cell markers was not performed on the same tissue section
using LSCM,, it is mathematically incongruous that such a high
percentage of PrP5¢ could be present in both of these struc-
tures in the SSE. (iii) LSCM for PGP 9.5 and cytokeratin
revealed that 99% of PGP 9.5 immunofluorescence colocalized
with cytokeratin in the SSE. For these reasons, our findings
suggest that LSCM cannot discriminate immunofluorescence
signals between nerve fibers and epithelial cells. Therefore,
LSCM may not be able to spatially distinguish PrP° that is
located in a nerve fiber from an epithelial cell when colocal-
ization with cytokeratin is performed. Unlike the high M2
coefficient (0.95) for PrP5¢ and cytokeratin in the SSE of HY
TME-infected hamsters, 27% of the PrP5° signal did not colo-
calize with PGP 9.5 in the SSE (M2 = 0.73, Table 2). We
interpret these findings to indicate that the majority of PrPS¢ in
the SSE was found in the well-defined nerve fibers, but a
subpopulation of PrP%¢ in the SSE does not colocalize with
nerve fibers. Despite our results showing a high degree of
colocalization of PrP5¢ and cytokeratin by LSCM, even in ul-
trathin slices (0.05 wm) (data not shown), confirmation of
PrP5¢ in epithelial cells will require additional studies.

Prion infection in the nasal cavity has previously been de-
scribed in sporadic CJD where PrP5¢ deposition was reported
in the central olfactory pathway (65). This study demonstrated
PrP>¢ in the olfactory epithelium, including basal cells and cilia
of olfactory neurons, as well as in the olfactory tract and bulb.
Our findings of PrPS¢ deposition in the olfactory sensory epi-
thelium but not the respiratory epithelium of hamsters infected
with the HY TME agent are similar to those described in
sporadic CJD. However, in the current study there was a pau-
city of PrP%¢ in the olfactory nerve, even though PrP5¢ was
present in the olfactory bulb of HY TME-infected hamsters.
This was in contrast to the distribution of PrPS¢ in nerve fibers
of the tongue, where PrP5¢ deposits were found in fibers of the
lamina propria, taste bud, and SSE of fungiform papillae and

VSE (filled arrow) and the ciliated nonsensory epithelium. PrPS¢ was
also observed in the nasal-associated lymphoid tissue (NALT) in the
nasal cavity (D). PrPS¢ immunostaining was not apparent in the nasal
epithelium or vomeronasal organ from mock-infected hamsters (C). S,
septum; Na, nasal airway. Bars: panel A, 200 wm; panel B, 20 pm;
panel C, 200 wm; panel D, 20 pwm.
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-- Stratum corneum

- Stratum granulosum

Nucleus or ganglion =@
Nerve terminal = A
Taste bud in fungiform papillae = ¢

FIG. 6. Model for centrifugal spread of the HY TME agent from the brain stem to the tongue. The deposition of PrP*¢ in taste cells and the
stratified squamous epithelium following intracerebral inoculation with the HY TME agent is consistent with centrifugal spread from the brain
stem to the tongue via the chorda tympani branch of the facial nerve (CN VII) and the lingual branch of the mandibular division of the trigeminal
nerve (CN V), respectively. The cell bodies for these two cranial nerves are located in the geniculate ganglion (GN) and the trigeminal ganglion
(TGG), respectively. The central processes of the axons that convey taste information (i.e., in CN VII) terminate in the NST. The central processes
of the axons that convey the general sensory information (i.e., in CN V) from the epithelium and muscles terminate in the principal and spinal
trigeminal nucleus (V). Centrifugal spread of the HY TME agent to the tongue along these cranial nerves would likely require prion agent infection
of NST or V nucleus and subsequent transsynaptic spread to nerve terminals in CN V and CN VII. The inset diagram illustrates a taste bud within
the stratified squamous epithelium of a fungiform papilla. CN VII innervates a subset of taste cells within the taste bud, while branches of CN V
ascend apically in the stratified squamous epithelium of the fungiform papilla. In addition, HY TME agent deposition in skeletal muscle cells is
consistent with infection of motor neurons in the hypoglossal nucleus (XII) and retrograde transport within the hypoglossal nerve (CN XII). HY

TME infection of either skeletal muscle cells or taste cells could be due to transsynaptic spread from CN XII or CN VII, respectively.

in fibers of the tongue parenchyma. Centrifugal spread of the
HY TME agent from the olfactory bulbs to the olfactory sen-
sory neurons in the epithelium along the olfactory nerve may
not result in detectable levels of PrPS¢ accumulation, possibly
due to lower levels of agent replication in the olfactory system
compared to the gustatory system. Alternatively, olfactory re-
ceptor neurons undergo constant turnover and can be short-
lived, which may preempt the buildup of PrP%¢ in olfactory
axons of the hamster. Additionally, in the current study we did
not have evidence for colocalization of PrP* to cilia in the
nasal cavity, but at the mucosa PrP5¢ had a distribution pattern
consistent with spread along dendrites to dendritic knobs of
the olfactory sensory neurons. The other major site of PrPs°
deposition in the nasal cavities of HY TME-infected hamsters
was the vomeronasal organ, specifically in the vomeronasal
sensory epithelium. This distribution pattern is consistent with
centrifugal spread of the HY TME agent from the olfactory
bulb to the vomeronasal sensory neurons via the vomeronasal
nerve. Although the respiratory and nonsensory epithelia in
the nasal and vomeronasal organ mucosa, respectively, receive
somatosensory innervation from the trigeminal nerve, centrif-

ugal spread along this pathway does not appear to result in
PrP5¢ deposition at these mucosal surfaces. Additionally, it has
been reported that homogenates of nasal mucosa from sheep
and goats experimentally inoculated with scrapie also contain
prion infectivity (22, 23).

Our findings indicate that HY TME infection in the brain
can undergo centrifugal spread along cranial nerves to the oral
and nasal mucosa. HY TME infection of taste buds is consis-
tent with transganglionic transport in the chorda tympani and
synaptic spread to neuroepithelial taste cells, while transgan-
glionic spread via the lingual nerve resulted in HY TME in-
fection of somatosensory nerve fibers in the SSE of fungiform
papillae. This latter pathway may have resulted in prion spread
to epithelial cells in the SSE (Fig. 6). Similarly, HY TME
infection of olfactory or vomeronasal sensory neuron cell bod-
ies in the olfactory epithelium is consistent with retrograde
spread to the neurons from the terminals located in the main
or accessory olfactory bulbs, respectively. The prominent PrPS¢
deposition at the mucosal edge of the sensory epithelium is
consistent with HY TME agent spread to the dendritic knobs
of the olfactory sensory neurons. Since taste cells (15, 20),
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epithelial cells (28), and olfactory sensory neurons (13, 19)
undergo continuous renewal and turnover, prion infection of
the oral and nasal mucosae of ruminants could play a role in
the shedding of these prion-infected cells in mucus and saliva.
In this scenario, horizontal prion transmission could be en-
hanced by the exchange of these bodily fluids via grazing,
grooming, and mating behaviors, as well as in the later stages
of CWD infection when hypersalivation is a clinical manifes-
tation. A single attempt to detect prion infectivity in the saliva
of a scrapie-infected goat was unsuccessful despite the pres-
ence of infectivity in the salivary gland. Recent improvements
in bioassays and immunoassays for the prion agent have be-
come available since this study was published over 30 years ago
(22).
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